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ABSTRACT 
 
Global climate change from anthropogenic carbon emissions can be mitigated through 
the development of bioenergy systems. Bioenergy feedstocks tolerant of marginal land can 
reduce the tension between bioenergy production and food production. Prairie cordgrass 
(Spartina pectinata Link) is tolerant of poorly drained soils, saline soils, and low temperature. 
Prairie cordgrass (Spartina pectinata) is a polyploid Chloridoid grass with tetraploid 
(2n=4X=40), hexaploid (2n=6X=60), and octaploid (2n=8X=80) cytotypes, and is a potential 
dedicated energy crop with promising yields in marginal environments. Breeding efforts in 
prairie cordgrass are currently hampered by the lack of a linkage map, the lack of a Chloridoid 
reference genome, and by lack of information on inheritance patterns (disomic versus polysomic). 
Genotyping-by-sequencing (GBS) was applied to a population of 85 progeny from a reciprocal 
cross of heterozygous tetraploid parents. A total of 26,418 SNPs were discovered, with a 
distribution of allele frequencies suggesting disomic inheritance. A filtered set of 3,034 single-
dose, high-coverage SNPs was used for pseudo-testcross mapping, resulting in two parental 
maps of 20 linkage groups containing 1,522 and 1,016 SNPs and a nearly 1:1 ratio of coupling to 
repulsion phase linkages, again suggesting disomic inheritance. Genomic contigs from tef 
(Eragrostis tef (Zucc.) Trotter), another Chloridoid grass, were used as a bridge to associate short 
prairie cordgrass reads with unique positions in the sorghum genome, providing a first glimpse 
into synteny between Chloridoids and other grasses. Genotyping-by-sequencing enabled rapid 
generation of a linkage map that will aid in future breeding and genomics efforts in prairie 
cordgrass. 
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Chapter 1 Introduction to Linkage Mapping in Prairie Cordgrass 
Average global surface and ocean temperatures have been steadily increasing consistent 
with the increasing levels of greenhouse gas emissions mostly from anthropogenic sources 
(IPCC, 2014; IPCC, 2013). There is strong evidence that anthropogenic forcing from greenhouse 
gas emissions is significantly affecting the global climate system with detrimental effects to the 
human population. 
Climate change caused by anthropogenic forcing can be mitigated by the replacement of 
fossil fuels with renewable energy. Biomass in particular is a source of renewable energy that has 
potential to replace a significant portion of the energy needs of the global population (IPCC, 
2014). Rising populations with larger energy demands in developing countries increase the need 
for energy resources. Fossil fuels,  are finite, will become more expensive to attain, and will 
intensify anthropogenic climate forcing (Dale, 2015). The geopolitics of oil supply and demand 
cause energy insecurity in the US and are likely to be exacerbated in the future as supply 
diminishes. Viable alternative sources of energy are in dire need. Therefore, there is an urgent 
need to research and develop an infrastructure for bio-renewable resources as well as basic 
research on the improvement and sustainability of bioenergy feedstocks (Somerville, 2006).  
Bioenergy feedstocks present an opportunity to produce renewable fuels that meet energy 
demands and reduce greenhouse gas emissions relative to fossil fuels (IPCC, 2014; Wang et al., 
2007; Davis et al., 2010). Perennial grasses and short rotation trees that minimize inputs and 
sustainably return high biomass yields have been favored as bioenergy feedstock candidates. 
Additionally, in order to avoid competition with food production, bioenergy feedstocks would 
ideally utilize marginal lands (Milbrandt et al., 2014). However, there is not a single bioenergy 
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feedstock that fulfills all of the needs of every facet of the bioenergy system. Improvement of 
feedstocks for specific geographic regions and environmental niches can maximize productivity.    
There is climatic, landscape, and therefore biomass production variability across the US. 
The Billion Ton Study reported that it is possible to supply 1.3 billion tons of biomass annually, 
however the regional capacity for production varies enormously (Perlack et al., 2005; Perlack et 
al., 2011). Consistent, scaled sourcing of biomass for bio-refineries is dependent on local sources 
of biomass (Dale, 2015). Perlack et al. (2005) projected that 428 million dry tons may come from 
agricultural residues such as corn stover and wheat straw, and 377 million dry tons annually is 
projected to come from dedicated biomass energy crops. While Perlack et al. (2005) concluded 
that annually supplying 1.3 billion tons is feasible, it is still an ambitious undertaking (Dale, 
2015). Ignoring price economics of biomass energy production, there are some significant 
assumptions that the Department of Energy’s report makes about the agricultural production of 
dedicated energy crops and corn as a second-generation energy crops: 1% (or more) annual 
increases in biomass yield of energy crops. In the US, corn research conducted by both the public 
and private sectors has gone on for more than 100 years ; improvements in corn agronomy, 
genetics, and breeding are ongoing (Duvick, 2005; McLaughlin and Kszos, 2005). Moreover, 
there is a highly developed seed industry for corn optimized with breeding programs suited to the 
annual life cycle of corn. Improved understanding of management practices and breeding of 
dedicated energy crops such as switchgrass (Panicum virgatum L.) have been made and will 
undoubtedly improve yields while decreasing production costs (McLaughlin and Kszos, 2005). 
Studies of dedicated energy crops are, however, essentially in their infancy. Fortunately, 
bioenergy feedstock research may be able to adapt many of the tools and resources developed for 
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maize and leverage them for accelerated advancements in genetics and breeding (Lu et al., 2013; 
Glaubitz et al., 2014).  
Another strategy to complete a functioning bioenergy industry is to utilize lands for 
energy production that cannot, or should not be used for food production. While the definition of 
marginal land is difficult to determine, the common characteristics of marginal land are frequent 
flooding, highly erodible soil, and saline soils. Production of biomass for energy on marginal 
lands is especially important because it evades an important issue of prioritizing food production 
over fuel. On marginal lands where food crops cannot be grown or where it is not profitable to 
grow, dedicated energy crops can have a dual benefit of rehabilitating marginal lands and 
producing biomass. Intelligent management of agricultural landscapes with specific species 
tailored to marginal conditions could maximize revenue, conservation goals, and biomass 
production (Zilverberg et al., 2014). 
However, the growing conditions of marginal lands are difficult to overcome. One such 
species that shows potential for biomass energy production on marginal land is prairie cordgrass 
(Spartina pectinata Link). Prairie cordgrass is a tall, rhizomatous, productive C4 perennial grass 
that can be found in poorly drained soils of former prairie lands, as well as in dry prairies 
(Mobberley, 1956; Weaver, 1960; Potter et al., 1995; Boe et al., 2009). The biomass production 
potential of prairie cordgrass is comparable to switchgrass, but in marginal settings, specifically 
poorly drained soils, it may produce more biomass than switchgrass (Boe and Lee, 2007). Prairie 
cordgrass has shown tolerance to periodic flooding in riparian areas, brackish salt-affected soils, 
and greenhouse salinity studies (Montemayor et al., 2008; Kim et al., 2012c; Anderson et al., 
2015). Additionally, the northerly distribution of prairie cordgrass suggests that it is cold tolerant 
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and is suited as a dedicated energy crop in cold, short-season regions of North America (Schwarz 
and Redmann, 1988; Potter et al., 1995; Madakadze et al., 1998; Friesen et al., 2015).  
Most experiments in this literature review utilized collected natural populations rather 
than released varieties or genetically structured populations (Boe and Lee, 2007; Boe et al., 2009; 
Kim et al., 2010; Lee et al., 2011). There is significant variation among prairie cordgrass 
populations and cytotypes for biomass yield and characterization of prairie cordgrass germplasm 
of wild collections has shown much variability in yield and phenotypic traits associated with 
yield (Guo et al., 2015). The prospect of breeding high biomass prairie cordgrass amenable to 
cultivation and local adaptation is promising (Lee et al., 2011).   
To begin developing prairie cordgrass as a stress tolerant dedicated bioenergy feedstock 
and utilizing the vast phenotypic variation for production it is essential to acquire additional 
information on its genetics. Little is known about the genetics of prairie cordgrass as it is limited 
to genetic diversity studies with few molecular genetic markers or surveying transcripts. These 
studies did not develop the genetic tools in structured populations and cannot be used for studies 
of inheritance (Moncada et al., 2007; Gedye et al., 2010). Exhaustive surveys of the cytological 
variation of prairie cordgrass in Kim et al. (2010), Kim et al. (2012a), and Kim et al. (2012b) 
begins to outline the geographic ranges of prairie cordgrass ploidy levels and the genome size 
compatibility of natural populations for future hybridization and selection. Prairie cordgrass has 
been shown to be a polyploidy species with tetraploids (2n=40), hexaploids (2n=60), octoploids 
(2n=80). The Spartina genus has a base chromosome number of x=10 in (Mobberley, 1956; 
Marchant, 1968; Reeder, 1977). Natural neopolyploidy events have recently formed 
neohexaploids (2n=60) in a disturbed habitat, suggesting that the mechanism of genome 
modification is active (Kim et al., 2010; Kim et al., 2012a; Kim et al., 2012b; Guo et al., 2015). 
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Related species within the Spartina genus, S. townsendii and S. anglica, present a textbook 
example of allopolyploidization and speciation via interspecific hybridization and subsequent 
genome doubling (Raybould et al., 1991; Ainouche et al., 2004). However, it is unclear whether 
prairie cordgrass (S. pectinata) exhibits disomic or polysomic inheritance; and, if disomic 
inheritance is present, whether that pattern is from an allopolyploid origin or from diploidizing 
over time (deWet, 1979; Comai, 2005). To achieve a better understanding of inheritance patterns 
of the prairie cordgrass genome this work seeks to construct a genetic map of prairie cordgrass. 
Genetic mapping in experimental, structured populations provide a blue print of a species’ 
genome via estimating the distance between loci based on the frequency of recombination events 
that occur during meiosis. Essentially, a genetic map is a grouping, ordering, and spacing of 
genetic markers along a chromosome based on the frequency of recombination of the population 
(Cheema and Dicks, 2009). Loci physically close together tend to recombine more rarely than 
loci physically farther apart on a chromosome. For two loci that recombine at more than 50% 
frequency are assumed to be on separate chromosomes and are in different statistical groupings. 
Much like distances between towns on a linear highway, if one knows the distance between town 
A and town B, and the distance of town B to C, then the total distance from town A to C can be 
predicted. Within a group of loci, the distance between two loci A and B is estimated by the 
frequency of recombination (likewise form locus B to locus C), then the distance from A to C 
can be predicted to estimate genetic distance (Van Ooijen and Jansen, 2013). When this analysis 
is done for every grouping of markers (ideally there are as many groups as haploid chromosomes, 
but not always), a map of the distances between loci for the entire genome is made. Examination 
of the details of the map can show regions of biological interest such as regions of segregation 
distortion, identity-by-descent, recombination hotspots, or plausible centromeric regions. Using 
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the highway analogy again, road maps do not show every physical position of every rock, tree, 
and shrub. Highway maps and genetic maps display prominent towns and loci (markers) along 
the way. Likewise, genetic maps cannot show every DNA sequence repeat or DNA binding 
sequence. Genetic maps however are effective tools for QTL (quantitative trait loci) studies, 
genome-wide association studies, map-based cloning, and marker-assisted selection because the 
relative location of a gene of interest related to a phenotype can be identified in the genome. 
The type of genetic marker used in genetic mapping and linkage analysis has changed 
over time, as has the limiting factor of mapping procedures. When linkage was discovered 
morphological markers were used to make genetic maps. After biotechnology advancements in 
the 1970s till the present popularity of different marker types meandered from restriction 
fragment length polymorphisms (RFLP) to simple-sequence repeat (SSR) markers, however the 
principles of linkage mapping remained the same (Van Ooijen and Jansen, 2013). Currently, 
single-nucleotide-polymorphisms (SNPs) represent the highest resolution of variation in DNA, 
and have become the ideal choice for DNA markers. What has changed however is the 
limitations of genetic mapping: In the era of morphological markers the limiting factor was the 
number of markers to sufficiently map the entire genome. The current limitation is mathematical. 
The fundamental measure of distance in linkage analysis is using recombination frequencies of 
pairs of markers to find relative distances between loci. With m markers and m!/2 pairwise 
comparisons the number of comparisons and the time to compute them soon becomes impossibly 
large (Cheema and Dicks, 2009). Thus genetic mapping has become a computer science puzzle 
and many researchers have devised novel methods to curb the computational problems, marker 
order optimization, and quality control of linkage mapping (Wu et al., 1992; Stam, 1993; Luo et 
al., 2001; Isidore et al., 2003; Jansen, 2005; Van Os et al., 2005; Van Os et al., 2006; Cheema 
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and Dicks, 2009; Van Ooijen, 2011). Technological advancements in DNA sequencing 
combined with linkage mapping may shortcut this computational puzzle. Following a brief 
description of new sequencing technology the prospect of how a better solution may coalesce 
will be discussed.  
Recent advances in Next-Generation-Sequencing (NGS) provide methods to construct 
reduced representation libraries with multiplexing that can output thousands of SNPs for an 
experimental population at a fraction of the cost and labor of SSR markers (Baird et al., 2008; 
Elshire et al., 2011; Poland et al., 2012). Reduced representation library protocols use restriction 
enzymes to cut genomic DNA into fragments and survey a representative fraction of the genome. 
After cutting the restriction fragments, uniquely developed DNA adapters or “barcodes” are 
attached to the fragments so that the fragment can later be unambiguously indexed to an 
individual in the pooled library. After a method for size selection and amplification the 
fragments are sequenced and analyzed for polymorphisms. This is called multiplexing with 
borrowed language from telecommunications. Land line phone calls are pooled and carried over 
one wire for long distances and then later individual conversations are extracted and channeled to 
the proper receivers. Similarly, the DNA fragments of all the individuals in the experimental 
population are pooled together and sequenced. Then the sequence data can be extracted because 
each individual had a unique, identifying adapter that was specified. Sequencing technology and 
reduced representation libraries together allows rapid and cost effective development of genetic 
markers. 
With an understanding of what this new technology enables in genetic research the 
computational problem of linkage mapping can be revisited. Gel-based DNA markers required 
many scientists to collaborate to construct ultra-dense linkage maps (Van Os et al., 2006). Now 
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however, in a matter of months with a few thousand dollars (or less), a GBS library can be 
developed and used for dense genetic mapping of a previously unstudied species (Elshire et al., 
2011; Poland et al., 2012; Lu et al., 2013; Li et al., 2014). To recycle the road map analogy, the 
markers are no longer prominent towns along a highway, but are more frequent and analogous to 
mile markers. Redriving the route and redrawing the map can be done by any driver and no 
longer requires a team of transportation engineers. Meanwhile cartographers have taken 
thousands of satellite images of the highway at high resolution so that they essentially can see 
every rock, tree, and shrub, but they cannot order them properly at such high resolution. But if 
the satellite image catches a mile marker in the image they can anchor it to the mile marker and 
continue to align the images until all the images are ordered with confirming overlap. Likewise 
with genetics and bioinformatics, many researchers constructing very dense genetic maps will 
make the reference physical map of a given species better and better. Poland et al. (2012) 
describes a positive feedback loop where dense genetic maps can anchor and order DNA contigs 
for whole-genome sequencing. Better reference genomes make for more accurate SNP calling in 
future GBS data sets that are currently peppered with missing data (2012). The computational 
problem of genetic mapping is not overcome, but the integration of technologies may be a 
strategy to effectively overcome it. 
In this study we utilized a two-enzyme double-digest reduced representation library 
protocol to uniformly survey portions of the prairie cordgrass genome from a biparental 
population and produced thousands of SNPs. The protocol detailed in Poland et al. (2012) uses a 
common-cutting restriction enzyme with a higher frequency cut site and a rare-cutter with a more 
infrequent cut site in the genome. Resultant fragments are primarily sequences flanked by a 
common cut site and a rare cut site. The benefit of the two-enzyme approach over the RAD-seq 
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(restriction site associated DNA sequencing) method and the original GBS method are the 
elimination of size selection and ascertainment bias in genotyping new populations (Baird et al., 
2008; Elshire et al., 2011).  
Sequenced reference genomes have been developed for many species and genotyping 
protocols, such as this one and RAD-seq, can align putative SNPs for genotype calling (Glaubitz 
et al., 2014). With unexplored species like prairie cordgrass the power of reduced representation 
libraries creates an affordable opportunity to explore genetics and implement marker-assisted 
selection where it was previously cost prohibitive. Without the assembled sequenced reference 
genome however, a method to identify polymorphisms is needed. The Universal Network 
Enabled Analysis Kit (UNEAK) was designed to call SNPs based on nearly identical tag pairs 
(Lu et al., 2013). Exactly identical sequence tags differing by only one base pair can be deduced 
to be polymorphic at that locus. The capability of the UNEAK pipeline to generate thousands of 
putative SNP markers in species without reference genomes is extremely powerful. 
Complications, however, with the UNEAK pipeline such as sequencing errors, polyploidy, and 
heterozygote undercalling can produce inaccurate results. The specifics of how these setbacks 
were overcome are detailed in Chapter 2 and further discussed in Chapter 3.  
In this work, we present the first genetic linkage map of prairie cordgrass using 
genotyping-by-sequencing derived SNP markers. This work makes significant contributions to 
understanding prairie cordgrass genetics and the genetics of stress physiology, as well as 
diversifies the collection of bioenergy feedstocks that are viable on marginal land. The heuristic 
methods deployed in this research will assist other scientists using reduced representation in 
other species for quality SNP calling and linkage analysis. 
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Chapter 2 Linkage Mapping In Prairie Cordgrass (Spartina Pectinata Link) Using 
Genotyping-By-Sequencing 
Introduction 
There is an urgent need to strategically produce viable, renewable energy from biomass 
that can ameliorate climate changes caused by greenhouse gas emissions (Somerville, 2006). 
Moreover, with biomass energy production it is necessary to exploit a variety of bioenergy 
feedstocks that are adapted to climatic, regional, and landscape variability (Perlack et al., 2005; 
Boe et al., 2009; Perlack et al., 2011). Marginal land is a source of variability that can be a 
resource utilized for biomass energy crop production and avoid direct land-use changes. It is 
estimated that 11% of the continental US is marginal land (Milbrandt et al., 2014). 
One species that shows potential for bioenergy feedstock production on marginal land is 
prairie cordgrass (Spartina pectinata Link). It is a North American, perennial, warm-season C4 
grass found in poorly drained soils of the former prairie (Weaver, 1960). Based on collected 
natural populations, biomass yield potential of prairie cordgrass is comparable to switchgrass 
(Boe and Lee, 2007; Boe et al., 2009; Guo et al., 2015) and has shown tolerance to abiotic stress 
such as soil salinity and frequent flooding (Montemayor et al., 2008; Skinner et al., 2009; Lee et 
al., 2011; Kim et al., 2012c; Anderson et al., 2015).  
Improvement of biomass yield from prairie cordgrass in marginal environments requires 
a genetic understanding of prairie cordgrass. Vast variation for production potential exists for 
prairie cordgrass (Guo et al., 2015) and has been characterized for collections of natural 
populations from seventeen states in the US (Kim et al., 2012b). Much of the variation for 
18 
 
biomass yield can be associated with cytotype and the genetic background based on population 
origin. 
Thorough screening of the natural prairie cordgrass accessions has revealed that prairie 
cordgrass is a polyploid species in the chloridoidea subfamily (Mobberley, 1956). The base 
chromosome number of the Spartina genus is x=10 (Marchant, 1968; Reeder, 1977). Tetraploids 
(2n=40) are higher yielding and occur at lower latitudes compared with octoploid cytotypes 
(2n=80) which tend to be smaller and thrive at higher latitudes. No diploid cytotypes have been 
reported.  Natural neopolyploidy events have recently formed neohexaploids (2n=60) in a 
disturbed habitat, suggesting that the mechanism of genome modification is active (Kim et al., 
2010; Kim et al., 2012a; Kim et al., 2012b; Guo et al., 2015).  
A snapshot of recent genome modification that led to speciation within the Spartina 
genus is the allopolyploid speciation from the hybridization of an introduced species (S. 
alterniflora) and a native species (S. maritima) to form S. x townsendii, and the subsequent 
doubling to form the vigorous, fertile S. anglica (Raybould et al., 1991; Ainouche et al., 2004). 
In this context of conspicuous allopolyploidization and early stage germplasm enhancement we 
seek to determine if tetraploid S. pectinata is demonstrating disomic inheritance from 
allopolyploidization (combining of divergent genomes) or polysomic inheritance from 
autopolyploidization (whole genome duplication)(Comai, 2005; Okada et al., 2010). In order to 
exploit the phenotypic variance for plant improvement and development of prairie cordgrass as a 
dedicated energy crop, it is essential to understand genetic inheritance.  
Extensive phenotypic variation for biomass yield can be found among prairie cordgrass 
accessions, however, many phenotypic traits correlated with yield and yield itself are variable 
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from year to year (Guo et al., 2015). Moreover, with a perennial habit each cycle of selection 
requires at least two years for establishment and to reach maximum yield potential. Therefore 
marker-assisted selection could intensely aid prairie cordgrass improvement for biomass 
production.  
Prairie cordgrass genetic information is limited to surveys of genetic diversity or 
transcriptome sequencing of unstructured populations (Moncada et al., 2007; Gedye et al., 2010). 
Linkage mapping in a biparental population with genetic markers can supply a schematic of the 
genome for future marker-assisted breeding efforts. For example, a linkage map can identify 
regions of the genome that experience segregation distortion, recombination, or regions that are 
statistically associated with beneficial traits (QTLs). Recent advances in DNA marker 
technology such as genotyping-by-sequencing (GBS) and RAD-seq have been utilized to 
develop linkage maps for previously unstudied species, cultivated diploid crops, heterozygous 
outcrossing species, as well as autoploid crops (Baird et al., 2008; Ekblom and Galindo, 2011; 
Elshire et al., 2011; Poland et al., 2012; Lu et al., 2013; Gardner et al., 2014; Glaubitz et al., 
2014; Li et al., 2014). 
Therefore the objectives of this study were to 1) efficiently and cost-effectively develop a 
sufficient number of genetic markers from a bi-parental population to survey the genome of 
tetraploid prairie cordgrass, 2) utilize genetic markers to construct a genetic linkage map, and 3) 
determine the genome constitution of prairie cordgrass and the degree of polysomic inheritance. 
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Materials and Methods 
Plant Materials 
The mapping population was created from a reciprocal hybridization of parents 17-109 
and 20-102. Parents 17-109 and 20-102 were collected from natural populations in Illinois and 
Kansas, respectively, and are maintained as clonal accessions at the University of Illinois Energy 
Biosciences Institute Research Farm, Urbana Illinois. The specific plants used to create the 
mapping population were maintained in the University of Illinois Plant Care Facility. The 
controlled cross was performed in the greenhouse. Stigmas were covered with a wax bag one day 
before emergence. Pollen from the male was collected on wax paper and brushed onto stigmas. 
After brush pollination, the wax bag was placed over the spike. Both parents were presumed to 
be heterogeneously heterozygous. The cross created 85 progeny, however after filtering to 
exclude likely selfed progeny and low-coverage individuals, the final mapping population 
consisted of 63 F1 individuals. Young leaf tissue was sampled in the greenhouse, and stored at 
  -80° C until DNA extraction. 
DNA Extraction and GBS Library Construction 
Five leaf discs were harvested from young greenhouse-grown leaf tissue using a paper 
punch. DNA was extracted in 96-well plate format using 1.2 mL tubes and a standard CTAB 
protocol (Doyle JJ, 1987). Six replicate extractions were performed for each parent. DNA was 
quantified with PicoGreen (Life Technologies, Grand Island, NY), diluted to 50 ng/ul, and 250 
ng of genomic DNA was double-digested with a combination of a rare cutting (PstI-HF) and a 
common cutting (BfaI and HinP1I) restriction enzyme. Barcoded (“A1”) and common (“A2”) 
21 
 
adapters were ligated to the rare and common restriction overhangs (Poland et al., 2012). Pooled 
restriction-ligation reactions were size-selected with 2 volumes of AMPure XP magnetic beads 
(Beckman Coulter, Inc., Indianapolis IN, USA), amplified with Illumina forward and reverse 
primers and Phusion Master Mix (New England BioLabs, Inc., Ipswich, MA USA) for 15 cycles, 
and size-selected with beads a second time. Average fragment size and library concentration 
were measured with a DNA7500 chip on an Agilent Bioanalyzer (Agilent, Santa Clara, USA) to 
determine fragment size. The library was diluted to 10 nmol and submitted to the University of 
Illinois Keck Biotechnology Center for sequencing on an Illumina Hi-Seq2000 to obtain single-
end, 100 bp reads. 
Processing Raw Sequences from Illumina 
Since prairie cordgrass lacks a reference genome, SNP calling was performed using the 
UNEAK pipeline (Lu et al., 2013), which trims reads to 64 bp and considers read-pairs 1 bp 
apart to be potentially allelic. Single nucleotide polymorphism calling was performed using a 
minimum tag count of 10, an error tolerance rate of 0.03, a minimum minor allele frequency of 
0.10, a maximum minor allele frequency of 0.5, and a minimum call rate of 0.75. 
Filtering of Individuals 
The protogynous habit of prairie cordgrass enables efficient hybridization, however, 
despite efforts to control self-pollination, it does occur. In order to ensure that progeny were 
crossed and not accidental selfs or mistaken outcrosses, we identified a subset of 163 GBS 
markers that were clearly fixed for different alleles between parents: we required at least 127 
reads of the major allele and 0 reads of the alternate allele in one parent, and 0/127 reads of the 
major/alternate alleles in the other parent. True hybrids should be completely heterozygous at 
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these markers. All progeny were scored as homozygous, heterozygous, or missing and their 
percentage heterozygous was calculated. Only individuals that were > 80% heterozygous at these 
163 markers were kept in the analysis. 
Filtering of SNPs 
The raw genotypic dataset was filtered by SNP allele frequency and expected segregation 
pattern based on the genotype of the parents. Linkage mapping in polyploids uses single-dose 
markers, which are unique to a single parental chromosome and segregate 1:1 in the progeny 
regardless of ploidy (Wu et al., 1992). Although linkage mapping using single-dose markers 
generates a separate map for each parent, double-dose markers found on a single chromosome in 
each parent segregate 1:2:1 in the progeny and provide connectivity between the two parental 
maps. Only SNPs within allele frequency ranges of 0.750.1, 0.500.1, and 0.250.1 
(corresponding to 1:1, 1:2:1, and 1:1 genotypic ratios, respectively) were retained. Individual 
genotype calls with fewer than 5 reads were declared missing data in order to prevent 
homozygote over-calling. For allele frequency ranges 0.75 and 0.25 the null hypothesis for a chi-
square goodness-of-fit test was 1:1 segregation of homozygotes to heterozygotes. For the 0.50 
allele frequency range the goodness-of-fit the null hypothesis was 1 homozygote: 2 heterozygote: 
1 alternative allele homozygote. The alpha for chi-square tests was equal to 0.1 for the 1:1 test 
and 0.05 for the 1:2:1 test.  
Single-dose (1:1) markers used for linkage map construction met the following 
requirements: 1) less than 10% missing data, 2) heterozygous in one parent and homozygous in 
the other; 3) had no instances of homozygosity for the minor allele; 4) and had a p-value from 
the chi-square test greater than alpha. For the double-dose (1:2:1) markers, both parents were 
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required to be heterozygotes. Markers that met these requirements were partitioned into the two 
parental marker datasets for linkage map construction (Fig 1).   
Linkage Map Construction 
The linkage map was constructed using Joinmap 4.1 software (Kyazma, Wageningen, 
Netherlands) with the CP (cross pollinator full-sib population) population option. Markers were 
grouped with an independence LOD (logarithm of odds) score threshold of 6.0 using the two 
way pseudo-testcross mapping strategy for heterogeneously heterozygous species (Grattapaglia 
and Sederoff, 1994). In brief, the markers that are heterozygous in a respective parent are used to 
construct the map for that parent. Markers that are heterozygous in both parents map to both 
parental maps and can be used to construct a composite map or to compare locations and 
distances between the parental maps. Maps were constructed within linkage groups with the 
regression mapping algorithm and the Kosambi mapping function. Only linkages with a 
recombination frequency less than 0.40 were used for map construction. A minimum jump LOD 
score of 1 was used as the cutoff to add markers to the map. The goodness-of-fit jump threshold 
of 5.0 determined removal of markers from the map. Correspondence between parental maps 
was identified using markers polymorphic in both maps. Colinearity of shared markers was 
determined by Pearson correlation tests of marker distances of corresponding linkage groups in 
the parental maps. Corresponding linkage groups were integrated by providing a fixed order of 
the 1:2:1 markers from parent 17-109. The mean recombination frequencies and combined LOD 
scores are integrated into a single map with the Joinmap 4.1 regression mapping algorithm.  
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Ratio of Coupling to Repulsion Phase Linkages 
The ratio of coupling to repulsion phase linkages is an indicator of preferential pairing of 
chromosomes. In a diploid or allopolyploid species that exhibits disomic inheritance, the 
expected ratio of coupling to repulsion phase markers is 1:1. In contrast, under polysomic 
inheritance repulsion linkages become increasingly difficult to detect with increasing ploidy and 
decreasing population size (Wu et al., 1992). For a (polysomic) autotetraploid with our 
population size (n=63), we would expect to detect virtually no repulsion linkages. To estimate 
the ratio of coupling to repulsion phase markers, all pairwise comparisons of the marker phase 
designations from Joinmap 4.1 were calculated as in the coupling or the repulsion phase. The 
proportion of coupling pairs to repulsion pairs was counted within each linkage group. The 
proportions were subjected to a chi-square goodness-of-fit test with a null hypotheses of 1:1 
coupling to repulsion at an alpha level of 0.05. A Bonferonni adjustment was made for the 
number of tests that set the p-value cutoff to 0.05/20 = 0.0025. 
Synteny of GBS Sequences to Sorghum bicolor and Eragrostis tef Genome 
The GBS sequences from this experiment were aligned separately to the sorghum bicolor 
v2 genome and the Eragrostis tef (Zucc.)Trotter draft genome using Bowtie2 with the “--local” 
option (Langmead and Salzberg, 2012). Parameters –D, -R, -N, –L, and –i were optimized 
manually. The –D option controls the number of seed extensions that can fails to improve if a 
new, better alignment is not found. The –D option was set to 20. The –R option controls the 
maximum number of times the program will choose a new set of reads at different offsets and 
searches for more alignments. The –R option was set to 3. The –N option determines the number 
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of mismatches permitted per seed. The –N option was set to 1. The –L option sets the length of 
the seed substring to align and was set to 18. The –i option sets a function that governs the 
interval between substrings to use during multiseed alignment. The function was set to S,1,0.5 
which sets the function to f(x) = 1 + 0.5 *√(x), where x is the read length.  
The Basic Local Alignment Search Tool (BLAST) was used to align large contigs of E. 
tef to physical locations on S. bicolor chromosomes (Altschul et al., 1990). Hit thresholds were 
set to an evalue of 1 x 10
-10
. Prairie cordgrass GBS short read fragments were aligned to longer E. 
tef scaffolds and then subsequently aligned E. tef scaffolds to the sorghum physical map. 
Markers that aligned in between markers of the framework linkage map were examined for 
linkage disequilibrium (LD).  
Results 
Illumina Sequencing 
One lane was sequenced with the Illumina HiSeq2000 yielding 218 million reads. The 
UNEAK pipeline generated 598,760 tag pairs. After filtering for minimum tag count, error 
tolerance rate, minimum and maximum minor allele frequency, and the minimum call rate, the 
pipeline generated 26,418 SNPs. The mean coverage was 1,178 reads per tag. The average 
percentage of missing genotypes per marker was 5.3%. Individuals on average had 21% missing 
data, however, three individuals had more than 50% missing data which skewed the mean. The 
median missing data per individual was 16%. 
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Removal of Selfs 
Analysis of SNP markers fixed for the parent allele we determined that 22 individuals 
were less than 85% heterozygous for the markers tested. These individuals are presumably selfs 
rather than the expected cross or the amount of missing genotype data for these individuals 
precluded them from further analysis.   
Filtered SNPs 
  The subset of markers at 0.75±0.1 allele frequency yielded 8,158 markers. Genotypes 
with less than four reads added 87,156 missing genotype calls. Filtering for less than 10% 
missing data, chi-square test p-value cutoff, and parental genotype simultaneously reduced the 
initial subset to 1,252 markers. The first parent was attributed 802 informative markers and the 
second parent was attributed 450 informative markers (Fig 1). 
The subset of markers at 0.50±0.1 allele frequency yielded 6,155 markers before filtering. 
After declaring genotypes with less than four reads added 61,974 missing data points. Filtering 
for less than 10% missing data, chi-square test p-value cutoff, and parental genotype 
simultaneously reduced the initial subset to 582 markers. All markers at this allele frequency 
were partitioned to both parent datasets (Fig 1). 
The subset of markers at 0.25±0.1 allele frequency yielded 7,860 markers before filtering. 
After declaring genotypes with less than four reads added 85,206 missing data points. Filtering 
for less than 10% missing data, chi-square test p-value cutoff, and parental genotype 
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simultaneously reduced the initial subset to 1,200 markers. Parent one was assigned 758 markers 
and parent two was assigned 442 markers (Fig 1).  
Genetic Linkage Map 
The parental linkage maps were constructed with 2,142 markers for 17-109 and 1,474 
markers for 20-102. Markers in both parent data sets formed 20 linkage groups at a LOD score of 
6.0. Regression linkage mapping attempts to fit as many markers as possible into a map, however, 
many are dropped from the map because marker pairs did not have effective recombination. 
(Table 1). In total, 2,538 SNPs were mapped. The total map distance of the 17-109 and 20-102 
parental maps was 1,792, and 1,277 centiMorgans, respectively. Colinearity of shared markers 
was strong. All Pearson correlations of marker distances within linkage groups were statistically 
significant.  
Ratio of Coupling to Repulsion Phase Markers 
Estimates of the ratio of coupling to repulsions phase markers within linkage groups were 
approximately 1:1 in 15 out of the 20 linkage groups in parent 17-109. Parent 17-109 shows 
divergence from preferential chromosome pairing in linkage groups 2, 4, 11, 14 and 19. The 
index of all linkage groups for parent 17-109 was 0.91. In parent 20-102, 11 out of 20 linkage 
groups exhibited a 1:1 ratio. Parent 20-102 shows divergence from preferential chromosome 
pairing in linkage groups 4, 5, 6, 9, 12, 13, 14, 16, and 20. The observed index of all linkage 
groups of 20-102 was 0.78. 
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Alignment of GBS Sequences to Sorghum bicolor and Eragrostis tef Genome 
For the 26,418 SNPs produced from the UNEAK pipeline, 25.19% mapped to the S. 
bicolor genome with 6.8% aligning more than once and 18.31% aligning exactly one time. The 
overall alignment rate to the Eragrostis tef draft genome was 42.06% with 32.78% of the hits 
aligning more than once and 9.29% aligning exactly one time.  
Discussion 
In this study we developed more than 26,000 genetic markers in Spartina pectinata using 
GBS with rare and common cutting restriction enzymes to achieve complexity reduction (Elshire 
et al., 2011; Poland et al., 2012). Since GBS datasets typically have a large amount of missing 
data, recent publications have recommended including technical replicates of important 
individuals (e.g. the parents of a mapping population; Li et al., 2014). In this experiment we 
heeded this advice and included six technical replicates of each parent, and the resulting robust 
parental genotype calls were used for SNP filtering.  
One drawback of GBS is that true heterozygous genotypes tend to be undercalled due to 
limited coverage. This problem would be much more acute for single-dose markers in polyploids 
with polysomic inheritance. Because all our analyses suggested that Spartina displays disomic 
inheritance, we adopted a coverage cutoff of five reads (ie: homozygous genotypes represented 
by fewer than five reads were set as missing data). Using this cutoff, we expect only about 3% 
(0.5
5) of our “homozygous” data points to be heterozygous genotypes mis-identified due to 
limited coverage. Given a genetic or physical map, imputation methods could make use of the 
entire genotypic dataset, including low-coverage data points. Because no maps were previously 
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available in Spartina, however, we adopted a conservative approach, sacrificing marker quantity 
for the sake of quality and using only high-coverage data for our analyses. 
Although the population size of this experiment is small, we produced thousands of 
quality markers that exhibited statistical linkage. The recombination was sufficient to supply 
enough linkage to group and order markers on the map. All 20 linkage groups of both parent 
maps were saturated with GBS markers and homology between linkage groups was identified. 
The disparity between parents for marker number and the map length indicates differing levels of 
heterozygosity within the parents (Table 1), and may indicate differing levels of diversity in the 
populations from which the parents were derived. Parent 17-109 has more heterozygous loci 
relative to 20-102. Given the habit of prairie cordgrass to thrive in isolated colonies of disturbed 
habitats, this suggests that for some populations of prairie cordgrass, such as in Kansas, that the 
effective population size is small. Alternatively, 20-102 may exhibit a stronger tendency for self-
compatibility and produce progeny with a higher degree of homozygosity. The composite map 
utilizes markers that are polymorphic in both parents to determine homologous linkage groups. 
The recombination events that are used in the parent maps are independent, but markers 
polymorphic in both parents provide a fixed order to integrate all the markers. In effect it 
averages the distances from pairwise recombination frequencies. All maps show statistically 
significant colinearity of marker distances. 
Prairie cordgrass and tef (Eragrostis tef) are classified in the grass sub-family 
Chloridoideae. We observed a higher overall alignment rate between prairie cordgrass reads and 
E.tef scaffolds (39%) than between prairie cordgrass and sorghum (24%).  Only 9% aligned once; 
the majority aligned to more than one tef scaffold. Tef is also known to be a polyploidy crop 
(Assefa et al., 2011). Therefore when aligning DNA sequences from one polyploid to another, 
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there is likely to be alignment to more than one place. By bridging to sorghum via tef we utilized 
much longer sequence scaffolds and had a better estimate of alignment to sorghum. However, 
due to the polyploidy nature of both prairie cordgrass and tef, and the possibility of subgenomes, 
the exact location of the markers and scaffolds in the sorghum genome could be dubious. 
Comparison of the linkage map to sorghum was opportunity observe genome organization 
relative to the sorghum genome (Table 3). The colinearity of the linkage map and the sorghum 
physical map validates local marker orders. Inversions of chromosomes relative to sorghum 
offers evidence of the evolutionary divergence of prairie cordgrass and sorghum from a common 
ancestor.  
We have presented two important pieces of data to support the assertion that prairie 
cordgrass exhibits disomic inheritance. First, most markers display allele frequencies near 25% 
(or 75%) and 50%, corresponding to loci that are heterozygous in one or both parents 
respectively. In tetraploids exhibiting polysomic inheritance, we would expect additional allele 
frequencies near 12.5% (87.5%) and 37.5% (62.5%) for single-dose and triple-dose loci 
respectively. Second, the near 1:1 ratio of coupling to repulsion phase markers in both parental 
linkage maps suggests disomic inheritance. Most of the linkage groups with aberrant ratios of 
coupling to repulsion phase marker pairs show irregularity in a corresponding linkage group in 
the other parent. Spartina pectinata tetraploids may be transitioning from polysomic to disomic 
inheritance. Linkage groups deviating from the expected ratio may be showing residual 
tetrasomic inheritance in several linkage groups. The disparity between parents for the number of 
linkage groups diverging from the expected ratio suggests that these geographically distant 
populations may differ in the degree of diploidization. Alternatively, subgenomes from an inter-
specific hybridization that retain similarity could result in random pairing in meiosis (Wu et al., 
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1992; Comai, 2005). Chromosomal squashes of prairie cordgrass tetraploids show bivalent 
pairing (personal communication, Lane Rayburn; Data not shown). Taken together we offer 
strong evidence that prairie cordgrass primarily exhibits disomic inheritance. 
While the support for disomic inheritance has been established, it is more difficult to 
reconstruct the polyploidy history of prairie cordgrass. Most polyploids behave like diploids, and 
an autoploid utilizing the disomic pattern is difficult to distinguish from an allopolyploid (deWet, 
1979). Despite quick and recent cytogenetic diploidization, duplication of genes could persist, 
leaving the imprint of autopolyploidy and could become apparent with sequenced molecular 
marker technology. 
From a crop improvement perspective, breeding a species that exhibits disomic 
inheritance is more desirable. Beneficial alleles are difficult to maintain with polysomic 
inheritance because they will most frequently occur in heterozygotes. Likewise, deleterious 
alleles are masked in the heterozygous state and that allele cannot be eliminated from the 
population (Acquaah, 2009). 
Conclusion 
Using GBS to reduce the complexity of the prairie cordgrass genome has produced a 
multitude of markers that will be foundational for the establishment of a modern, marker-assisted 
breeding system. The dense genetic map presented here will be useful for future genome 
assembly, QTL analyses, and genome-wide association studies in prairie cordgrass and other 
Chloridoid grasses. 
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Tables and Figures 
 
Table 1. Comparison of parental linkage maps constructed from the hybridization of prairie 
cordgrass genotypes 17-109 and 20-102. The F1 progeny was genotyped with GBS and 
statistically grouped at a marker independence LOD score of 6.0. 
 Parent 17-109 Parent 20-102 Composite 
Total markers 2,142 1,474 3,032 
Mapped markers 1,522 1,016 1,773 
Linkage Groups 20 20 20 
Avg. inter-marker dist. (cM) 1.17 1.25 1.03 
Total Map Length (cM) 1,792 1,277 1,838 
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Table 2. Comparison of parental and composite linkage group distances and marker numbers. 
Linkage groups of 20-102 were renamed based on correspondence of shared markers in the 17-
109 map. 
17-109 20-102 Composite 
Linkage Group 
Number 
of 
Markers 
Genetic 
Distance 
(cM) 
Number 
of 
Markers 
Genetic 
Distance 
(cM) 
Number 
of 
Markers 
Genetic 
Distance 
(cM) 
1 138 116.45 80 84.51 129 134.23 
2  126 132.85 65 113.57 142 127.30 
3  153 115.87 101 85.70 120 113.14 
4  102 100.87 77 73.11 131 101.90 
5  78 116.47 41 71.59 108 109.08 
6  80 103.51 76 69.75 102 92.18 
7  105 107.36 26 48.1 110 107.65 
8 95 65.35 54 45.20 82 61.54 
9  56 57.91 43 36.85 89 91.70 
10 71 109.59 45 62.50 80 109.76 
11  69 80.61 55 51.16 84 76.74 
12 61 97.54 39 55.57 70 88.26 
13  61 109.13 34 54.42 78 104.94 
14  65 88.18 38 53.74 82 88.23 
15  54 79.87 55 61.47 66 71.66 
16  52 68.09 56 56.68 86 75.35 
17  50 72.02 27 34.83 56 72.59 
18 45 54.72 38 60.96 64 60.18 
19 34 74.78 37 89.80 56 96.24 
20  27 41.31 29 67.68 38 55.86 
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Table 3. Comparison of the number of markers for which the 17-109 map and 20-102 map align 
to a Sorghum bicolor chromosome. The number to the left is the marker number from 17-109 
and the number to the right of the slash is 20-102. Each Sorghum bicolor chromosome 
corresponds to approximately two prairie cordgrass linkage groups. 
 Sorghum bicolor Chromosome 
Prairie Cordgrass 
Linkage Group 
1 2 3 4 5 6 7 8 9 10 
1 0/0 3/0 16/7 1/1 0/0 0/0 0/0 0/0 0/1 9/6 
2 2/0 1/0 1/0 23/17 0/1 0/0 0/0 1/0 0/0 2/0 
3 25/12 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
4 1/0 9/1 0/0 0/1 0/0 0/0 0/1 1/0 0/0 10/6 
5 16/8 2/1 1/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 
6 4/4 0/0 0/0 11/7 0/1 0/0 0/0 0/0 0/0 0/0 
7 1/0 1/0 22/3 1/1 0/0 0/0 0/0 0/0 0/0 0/0 
8 1/0 0/1 0/1 1/0 0/0 0/0 0/0 0/1 14/8 0/0 
9 0/0 0/0 0/0 0/0 0/0 11/6 1/0 0/0 0/0 0/0 
10 0/0 0/0 0/0 0/0 0/0 0/0 8/5 0/0 0/0 0/1 
11 0/2 0/0 1/0 1/0 0/0 7/7 0/0 0/1 0/1 0/0 
12 0/0 2/2 1/0 0/0 0/0 1/0 0/0 0/1 0/0 5/0 
13 0/1 13/4 1/0 0/0 1/1 0/0 2/0 0/0 1/0 0/0 
14 0/0 13/5 0/1 2/0 1/0 1/0 0/0 0/0 0/0 0/0 
15 0/0 0/0 1/1 1/1 2/1 0/0 1/1 6/4 0/0 2/0 
16 0/0 0/0 0/0 1/0 0/1 0/0 0/0 0/0 9/6 0/0 
17 0/1 0/0 0/0 0/0 0/0 0/0 11/2 0/0 0/0 0/1 
18 0/0 0/0 0/0 0/0 3/2 0/0 0/0 0/0 0/0 0/0 
19 0/0 0/1 0/0 0/0 3/6 0/0 0/0 0/2 0/0 0/0 
20 1/1 0/0 0/0 1/0 0/2 0/0 0/0 5/4 0/0 01 
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Fig 1 Flow chart of the filtering strategy of GBS output to organize single dose SNP markers suitable for linkage mapping in prairie cordgrass. 
The histogram displays the occurrences of GBS SNP marker’s allele frequency. Each of the three allele frequency ranges were subset 
individually, excluded low coverage genotypes, and filtered for missing data, misclassification of progeny genotypes based on parental genotypes, 
and a chi-square goodness of fit test for the corresponding ratio. Chi-square p-values<0.10 were excluded in the 0.75 and 0.25 allele frequency 
range. Chi-square p-values<0.05 were excluded in the 0.50 allele frequency range. Resulting markers were assigned to the appropriate data set. 
Parent 1=17-109 Parent 2 =20-102
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Fig 2 Composite map of prairie cordgrass. The map was constructed from 1,773 GBS markers of 
three segregation types. The F1 pseudo-testcross mapping population is from a reciprocal cross 
of parent plants 17-109, originating from Illinois, and 20-102, a population originating from 
Kansas. Corresponding linkage groups were determined by location of shared markers. Parental 
maps of corresponding linkage groups were integrated using a fixed order from parent 17-109   
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Fig 3 Coupling vs repulsion linkages by chromosome for prairie cordgrass parent A) 17-109 and 
B) parent 20-102. For disomic inheritance the expected ratio of coupling to repulsion phase 
linkages is always 1:1, whereas for small tetraploid populations with polysomic inheritance 
virtually no repulsion linkage is expected. Deviation from the expected ratio was tested with a 
chi-square statistic. Significant p-values were adjusted to 0.0025 from a Bonferroni correction 
for the number of tests n=20.  
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Chapter 3 Analysis of Experimental Design in Linkage Mapping Prairie Cordgrass and 
Applications for Future Research and Breeding 
Strong experimental design is critical to a successful genetic mapping study. A diagnosis 
of the limitations of linkage mapping in prairie cordgrass is discussed in this chapter. 
Methodology for future research that will aid in the development of prairie cordgrass genetic 
tools will be described in detail.  
Population size is crucial for accurate linkage analysis. In linkage analysis, the instances 
of crossing over during meiosis determine the estimates of recombination. In other words, 
linkage analysis requires crossing overs and recombination to estimate genetic distance. The 
meiotic crossover events need to be sampled from a large enough population to accurately reflect 
the true relative distances between loci. For two linked markers (loci) the recombination 
frequency is in theory less than 0.5. However, with finite population sizes, missing data, and 
uneven distribution of genetic markers on a chromosome linkage may not adhere to theory. 
Detecting recombination is analogous to any measurement; it comes from a distribution and is 
subject to variation. Biological variation of populations of the same species and random noise 
both influence recombination (Van Ooijen and Jansen, 2013). Therefore, to achieve an accurate 
standard error the sampling size needs to be sufficiently large.  
 The population size of this experiment however is small. With a small population size 
weak linkage can be detected, but strong linkages - that is, loci close together - are more difficult 
to detect. When two genes are tightly linked and when estimated from a small sample size 
separation of the loci by crossovers will be a rare event and thus the estimate of the genetic 
distance will be poorly estimated or not estimated at all. Additionally troubling to estimation is 
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that recombination is a discrete event in finite populations; not continuous. Essentially 
population size is the parameter that dictates linkage analysis accuracy. Larger populations will 
produce higher resolution maps that are better for genotype to phenotype associations.  The 
following section will discuss how population size affected the linkage analysis in Chapter 2.  
Population Size Required to Detect Single-Dose Markers  
 Mapping a heterozygous outcrossing species with higher ploidy levels requires the use of 
single-dose markers. As in Chapter 2, the markers must be developed from the mapping 
population and then can be used for linkage mapping. Single-dose markers segregate in a 1:1 
ratio in the progeny of heterozygous parents and the ratio is tested with a critical value of a chi-
square statistic. The null hypothesis is, the marker is present 1:1 in the progeny (Wu et al., 1992). 
A critical value of alpha is used as a cutoff to determine if markers are single-dose and can or 
cannot be used. The population size, however, determines the confidence interval and this is 
exacerbated by missing data. The confidence interval will fluctuate for each marker when using 
markers with less than 10% missing data. As with any statistical test, the risks of Type I and 
Type II errors must be balanced. In this case, the Type I error would be rejecting the 1:1 
proposition when it is actually true. Since the population size was essentially fixed, increasing 
alpha to 0.1 decreased the Type II error rate (the failure to reject the proposition that the marker 
segregates 1:1 when in reality it does not). It is important, however, to prevent Type II errors 
because SNP calling genotypes may be influenced by reads from homeologous loci making the 
loci appear to be segregating 1:1, when in reality, they are not.  Overall the population size was 
sufficient for single-dose marker discovery; although not ideal. However, there are other 
parameters that were diminished due to population size.  
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Maximum Detectable Recombination in the Coupling Phase  
In order to detect the linkage of two markers, a chi square test for the expected 1:1 ratio 
of recombinant-to-non-recombinant progeny is evaluated for each pair. For significant results, 
the two markers are determined to be linked. In other words, they are assumed to be on the same 
chromosome. For unlinked loci, the ratio approaches 1:1 and they are determined to be on 
separate chromosomes. For any given recombination rate, the chi-square test will fail to reject 
the alternative (assign markers as linked) if the recombination rate is less than the maximum 
detectable recombination rate. The maximum recombination rate is: 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1:  𝑟𝑚𝑎𝑥 = 0.5 − 𝑧𝛼/2√
0.5(1 − 0.5)
𝑛
(𝑟1) 
Where “z” is the z-value under a two-tailed normal distribution, “r” is the recombination 
fraction, and “n” is the sample size. The population size is the only parameter under control of 
the experimental design since r is randomly determined from meiosis. In our population where 
n=63, the maximum detectable recombination rate is 0.353. Therefore, if the null proposition is 
that two markers are unlinked (i.e. the recombination rate is 0.5) then the chi-square test will 
reject any recombination rate less than 0.353 as less than 0.5 (and thus linked loci). In this 
research the rmax is much smaller than 0.5. It is acceptable, but not ideal. The inability to detect 
linkage at frequencies larger than 0.35 has consequences for the final linkage map; the 
experiment can detect tight linkage (markers close together on a chromosome), but is unable to 
detect weak linkage (markers farther away from each other). The linkage maps eventually 
become clusters of tight linkage. In the ordering and spacing of markers, the universal optimum 
of marker ordering could get caught up in local optimum because of clusters of markers. 
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Additionally, inability to detect weak linkage could result in a biased view of the structure of a 
chromosome/linkage group. Areas of low marker densities may appear to be heterochromatic 
regions, but in reality, the small population may have exacerbated tight linkage. In Chapter 2, 
because the results determine that tetraploid prairie cordgrass exhibits disomic inheritance, the 
population size for detecting maximum linkages in the repulsion phase is the same as for the 
coupling phase. However, for autopolyploids, extremely large population sizes are required to 
detect repulsion phase linkage. If prairie cordgrass tetraploids exhibited polysomic inheritance, 
our experiment would have been entirely inadequate to detect linkages in the repulsion phase. 
Lastly, marker to phenotypic trait associations for quantitative trait loci (QTL) mapping or 
genome-wide association studies (GWAS) will identify large, imprecise regions. The resolution 
will be low. The recombination frequency is an extremely important parameter in linkage 
mapping. It is analogous to a mean in that it comes from a distribution (has variance and a 
standard error), and confidence in its estimation are important for making inferences. The next 
section will discuss estimation of recombination frequency and its confidence interval. 
Population size and recombination frequency estimation standard error and confidence interval  
Using the genotypes of progeny as a proxy for parental gametes, linkage mapping counts 
recombinant and non-recombinant progeny as fractions of the experimental population size. The 
recombinant gametes are always lower in frequency compared to the non-recombinant gametes 
and are a relatively rare event. Recombination frequency is crucial to a mapping experiment 
much like measurement of response variables is crucial for agronomic experiments. A large 
sample size is conducive to an accurate estimation of recombination frequency of two loci. 
Before experimentation, the estimate of the confidence interval of recombination should have 
been chosen and in order to dictate the population size necessary to achieve that interval. A 
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description of the recombination frequency after the fact is informative, but is only descriptive of 
the quality of the experiment. The standard error of an estimate of the recombination fraction is: 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2:  𝑠𝑒(?̂?) =  √
?̂?(1 − ?̂?)
𝑛
 
where “r” is the estimated recombination fraction and “n” is the sample size. The confidence 
interval is calculated: 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3: 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑜𝑓 (?̂?) =   ?̂? ± zα/2√
?̂?(1 − ?̂?)
𝑛
 
where “z” is the z-value under a two-tailed normal distribution, “r” is the recombination fraction, 
and “n” is the sample size. For example, the 90% confidence interval for a recombination 
fraction of 0.05 is 0.004 ≤ ?̂? ≤0.095. Thus, the confidence interval is again dangerously poor with 
a small population. If n=100 the 90% confidence interval is more precise:  0.017 ≤ ?̂? ≤0.085. 
Interpreting distances between markers comes from the estimate of recombination 
frequency. With a low recombination rate, the estimated distance between two markers may be 
small, but because the range of the distribution is wide, the estimates of the order and spacing of 
markers on the map is clouded. In other words, the recombination frequency and map distance 
can be estimated, but with a large confidence interval it may be meaningless. The Joinmap 4.1 
software default threshold uses the estimate of recombination frequency and not the inequality 
range of the confidence interval. A mapping comparison of the estimate may give confounding 
results given the large confidence intervals of adjacent marker map distances. There are 
algorithms, packages, and software modules that take a different strategy than Joinmap for 
integrating linkage maps, but Joinmap is currently the only software that can support outcrossing 
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populations. A work-around strategy for future use of these alternatives will be discussed, but the 
most helpful recommendation to improve linkage maps of prairie cordgrass is to increase the 
population size. However, a larger population comes at a monetary cost (more libraries and 
sequencing). A few relatively simple methods to maximize population size and marker discovery 
with a fixed cost can be employed and are detailed here.  
The structure of the population can maximize the information from a population of fixed 
size for different purposes. The mapping population was comprised of 14 individuals from 
population 13 (20-102 as mother) and 72 individuals from population 14 (17-109 as mother). 
The imbalance in population make-up did not adversely affect the design of the experiment or 
our ability to detect linkage. The mating design was extremely effective at maximizing 
phenotypic diversity which will be helpful in future marker-trait associations. Reciprocal mating 
designs are helpful to elucidate maternal or paternal effects in the progeny. For the purposes of 
linkage mapping however, reciprocation was not necessary. Many more individuals from this 
population that were true cross progeny were taken for another experiment, but could have been 
sampled if the requirement of population size was better understood. Other crosses with 
hundreds of individuals were also available, but this first population was very effective for a 
framework genetic map. 
Given the limitation of 96 individuals for a mapping population, it is critical to populate 
the library with true cross progeny and not selfed progeny. To purge selfed progeny from the 
population, a PCR marker homozygous in the parents should be used to screen the population 
before library development. It is essential to do this before creating the GBS library. The main 
drawback of accidental selfed progeny within the population is the diminishment of population 
size of true progeny.  After eliminating 23 individuals from the analysis of the GBS data, only 63 
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crossed progeny remained. Selfed progeny that are not eliminated will cause a myriad of 
confusion within the UNEAK pipeline and estimating recombination and linkage. 
A technique for crosses that can eliminate selfing in prairie cordgrass will be required if 
more intensive hybridizations are planned. Prairie cordgrass is protogynous:  the temporal 
separation of the emergence of stigmas and pollen shed in order to favor outcrossing. Because it 
is protogynous panicles can be efficiently hybridized, but variation in stigma emergence can lead 
to inconsistent contamination quite easily. Also, the airflow and temperature of greenhouses can 
lead to unplanned contamination. Isolation is the best possible solution to control unintended 
greenhouse outcrosses. Isolation, however, can be expensive for many planned hybridizations. A 
protocol that hybridizes the early emerging stigmas and then emasculates or disarticulates the 
remaining spikes and spikelets could be a simple solution to eliminate selfed progeny. In order to 
develop a sophisticated system of hybridizations, future researchers should first conduct 
experiments to evaluate prairie cordgrass germplasm for high female fertility (seed set), pollen 
production and viability in males, and uniformity of stigma emergence and anther dehiscence.  
The choice of mapping population can also maximize discovery of single-dose markers. 
Single-dose markers are heterozygous in one parent and homozygous in the other and segregate 
in the progeny in a 1:1 ratio regardless of ploidy level. Therefore in order to make the most 
efficient genetic map using single-dose markers, one parent should be as heterozygous as 
possible while maintaining the phenotype of interest for future research. The other parent should 
be as homozygous as possible. This arrangement would be the most effective way to acquire as 
many single-dose markers as possible. Achieving a high level of homozygosity in an outcrossing 
species is difficult because several cycles of inbreeding presumably uncovers lethal or 
deleterious alleles in the homozygous state. Methods to create doubled haploids could save time 
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in reaching homozygosity, but extreme homozygosity could impede reproductive development. 
The disparity in parent map lengths and number of markers developed suggests that 20-102 is 
more heterozygous relative to 17-109 (chapter 2).  
Missing Data Strategies  
 Missing data in GBS libraries can be difficult to analyze, especially for species without 
reference genomes, because the genotype cannot be imputed from the reference genome. 
Previously, the impact of missing data on linkage analysis resolution was discussed. Now 
methods for maximizing marker discovery and balancing quality and quantity for a fixed 
population size will be discussed. As written in the Chapter 2 Materials and Methods section, the 
principal behind GBS is that the presence of one sequenced allele of a tag pair is as equally likely 
to be sequenced as the alternative sequenced allele and follows a binomial distribution in a 
heterozygote. Therefore, highly questionable read counts for individual genotypes (e.g., 127|1 or 
1|65) are likely to be sequencing errors. By default, only 1 single read of the alternative allele is 
needed to be called as a heterozygote. Read files for those genotypes would be “called” as 
heterozygotes, however, that is exceedingly unlikely under a binomial distribution. A 
recommended solution is to slightly alter the UNEAK pipeline to presume a genotype to be 
homozygous until an alternative allele is discovered. Once the alternative is discovered past a 
certain threshold (5 reads; see  Chapter 2 Materials and Methods section), the entire read must 
pass a binomial test where Ho : p̂ = 0.50. To examine the amount of data failing a binomial test to 
discover homeologous loci reads, heterozygotes under called, and sequencing errors the 
heterozygote genotypes were subject to a binomial test after the study (Fig 4). The original data 
lacks a pattern of allele frequency and missing data; it appears to be random (Fig 4B). After the 
statistical test is implemented, the missing data occurs more frequently in the 0.25 and 0.75 allele 
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frequency ranges (Fig 4A). Greater read coverage in the original data set decreases the total 
missing data (Fig 4D). However, after the statistical test the missing data count is greatly 
increased. The Chapter 2 Materials and Methods section that limits the missing genotypes per 
marker to ≤7 is conservative enough with or without the statistical filter, but implementation of 
this embedded in the UNEAK pipeline could help the accuracy of UNEAK SNP calling and 
marker discovery. 
The ultimate end of genetic maps is to associate genotypes with phenotypes and find 
relative locations of genes within the genome. This study could have benefited from better 
coordination of the field phenotyping and the library preparation. The F1 population remained in 
the greenhouse for a field season in order to produce selfed seed from the F1 plants. In retrospect, 
transplanting the F1s and collecting one season of field data would have been more valuable. 
Growing in an agronomic setting would have allowed full phenotypes to be observed. Finding a 
simply inherited trait would allow a QTL scan to test the efficacy of the genetic map. As it turns 
out, there may not be a simply inherited trait from the plant material. The hypothesis of disomic 
inheritance could have been bolstered by testing Mendelian inheritance of one simply inherited 
trait such as a chlorophyll mutation.  
Strategies for Future Research 
The limitations of this study can be overcome in the future with intelligent planning of 
GBS libraries composed of multiple families. Using the recommendations described above for 
improving resolution and accuracy, a high quality consensus map can be easily constructed with 
nearly the same analysis methods. The next step to constructing a refined genetic map is to make 
additional GBS libraries from several mapping populations. Ideally, the new GBS libraries 
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would share a common parent, perhaps PC17-109 or PC20-102, although that is not completely 
necessary. Illumina platform sequence data can be processed in the UNEAK pipeline without 
separating the populations (Lu et al., 2013). The genotype table can quite simply be analyzed 
with similar R filtering scripts from the Materials and Methods section of Chapter 2, however, 
the genotype tables of the families must be separated at this point for individual map 
construction. For example, a marker that is Aa x AA in one family could be Aa x Aa in another 
family and require different tests of segregation and genotype encoding. At this point in the 
protocol, the SNP markers must be renamed with from their unique 64 bp DNA sequence in 
order to link with the markers from this study. Statistical linkage groupings can be made in 
Joinmap at a common LOD score. Each family will produce two parent maps. The shared 
markers (AaxAa with 1:2:1 segregation) can be used to identify corresponding linkage groups 
within and among families. These can be anchor loci and can be Fixed Orders or Start Orders in 
Joinmap which can facilitate more accurate marker spacing and ordering. The anchor loci can 
also be used as fixed orders for the individual parent maps. Finally, each of the parent maps can 
be integrated into a multi-population composite linkage map with one map chosen as a fixed 
order for comparison. Pair-wise recombination estimates or map distances that are common to 
parent maps are averaged; Markers not in common cannot be averaged, but can still mapped. 
Several families with large populations can form a high density consensus map in order to 
facilitate high density marker-trait associations. 
An alternative strategy to creating a consensus map in Joinmap, which uses averages of 
shared recombination frequencies, is R package LPmerge which can construct consensus maps 
with linear programming (Endelman and Plomion, 2014). LPmerge is a bin mapping approach to 
genetic mapping (Van Os et al., 2005) combined with correcting marker order conflicts based on 
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minimizing error between individual maps and the consensus map. Markers that segregate 
together are grouped into ‘bins’ which reduces the combinatorial calculations and time. 
Joinmap’s strategy in consensus map construction removes markers that create conflict. LPmerge, 
in contrast, can resolve marker orders by eliminating constraints that occurred from error 
(Endelman and Plomion, 2014). Depending on the degree of error between the many parent maps, 
LPmerge may be worth the effort to develop the consensus map because it will not dispose of 
markers to resolve order for which there will be many.  
Lastly, bin mapping offers a potential solution to high density genetic mapping. Bin 
mapping with the software package RECORD counts the number of recombination events and 
optimizes the sequence by adding recombination events of adjacent loci (Van Os et al., 2005). 
The challenge of bin mapping in a heterozygous population like prairie cordgrass is the mixture 
of marker types. However, single-dose markers used in Chapter 2 are essentially backcross 
markers (Grattapaglia and Sederoff, 1994). With minor modifications to data sets the thousands 
of low coverage markers can be added to the existing framework map (Isidore et al., 2003; Van 
Os et al., 2006). Missing data may confound and stifle adding markers or may result in a 
coherent order, but exaggerate map distances. If successful in coherently mapping markers, an 
ultra-dense integrated map can be constructed. Marker ordering may be assisted by the 
Eragrostis tef or Sorghum bicolor genome. 
One last alternative strategy for efficient GBS library development could diminish the 
missing data issues and begin efforts toward a reference genome for prairie cordgrass. The 
method combines short DNA sequence reading for GBS on the Illumina platform and long DNA 
sequence reads with the Roche 454 platform. The long sequence reads create a very rough 
reference genome. The short GBS sequences can then be aligned to long reads and used for SNP 
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calling. This method eliminates the need for the UNEAK pipeline. The UNEAK pipeline 
eliminates many SNPs. Using the common parent in a nested association mapping population 
would make a wise choice for the individual chosen to be sequenced as a draft reference. To be 
clear, this is not an assembled, platinum quality reference genome; it is a mock up. Ed Buckler, a 
leading geneticist and an author of UNEAK, TASSEL, and GBS personally endorsed the new 
method described here, saying: “A bad reference genome is better than no reference genome (Ed 
Buckler, University of Illinois Graduate Student Seminar Lunch; TASSEL Google Group).” 
Although the methods described in Chapter 2 may work, the opportunities for a developing a 
reference genome may be worth the added cost of the Roche 454 sequencing. A genetic map 
composed of high-quality SNPs (called from the draft reference) can then be used to assemble 
the long reads of the draft genome into a higher quality reference genome. Gene discovery for 
salt tolerance in prairie cordgrass from GWAS studies could have context with a reference 
genome. If this method is economical, it could accelerate prairie cordgrass genetic research faster 
than other strategies described. 
Quantitative trait loci mapping is most effective when a phenotype is reliably measured. 
In out-of-doors experiments, genotype by environment interactions and noisy measurements will 
diminish the power of QTL mapping. Therefore, a high fidelity, high-throughput method for 
phenotyping is ideal. For prairie cordgrass, phenotyping salt tolerance of plants on saline soil 
with a relative rating scale could be difficult and dubious. I propose a standardized phenotypic 
measurement of the ratio of per plant biomass to the sodium concentration in biomass tissue. 
Inductively coupled plasma mass spectrometry is an accurate, repeatable measurement of 
chemical elements in biological tissue that can be streamlined for many samples (Klotz et al., 
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2013; McDowell et al., 2013; Baxter et al., 2014). Utilizing the phenotype as a ratio would 
couple the breeding goals of saline uptake, tolerance, and high biomass accumulation.  
A genetic map is an essential breeding tool. GBS provides another tool to accelerate and 
continually improve a consensus map. Genetic map resolution and linkage detection power are 
limited by population size, but these problems can be mitigated with increasing population size 
or producing more maps from different populations with more individuals. If in the future it is 
reasonable to sequence the entire genome of prairie cordgrass for further genomic research, an 
integrated linkage map can provide an anchor for scaffold ordering. Then the whole genome 
sequence can be efficiently computed together.  
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Tables and Figures 
Fig 4 Missing data processed from the UNEAK pipeline. The original data set limits the number 
of missing data to 20. A) For each heterozygous cell of the genotype table a binomial test where 
the null hypothesis p=0.50 is implemented. Resulting scatter plot of allele frequency vs amount 
of missing data confirms that many genotype’s alleles are not present in a 1:1 proportion. It 
appears that missing data for markers at allele frequencies 0.25 and 0.75 are more frequent. 
Markers at this frequency should be segregating 1 AA : 1 Aa in the progeny. B) The marker 
allele frequency vs missing data in the original data set suggests random distribution of missing 
data. C) The relationship between coverage and missing data after the binomial test was 
implemented. Scatter plot suggests that missing data is not limited by increased coverage. D) 
Coverage vs missing data for the original data set.  
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